Genetic studies of essential hypertension, a complex, polygenic, and age-dependent disorder, have not been able to completely elucidate the genes responsible for development of the trait. We used a novel strategy to compare gene expression in the adrenal gland of two independent rodent models of human essential hypertension (the spontaneously hypertensive rat, SHR, and the blood pressure high mouse, BPH), with the goal of uncovering shared, common genetic mechanisms of hypertension across mammalian species that might, therefore, be pertinent to human hypertension. We deliberately studied young, 4-to 5-week-old, "prehypertensive" SHR and BPH that had not yet developed complete elevations in blood pressure (BP), so that we could minimize the impact of chronic, sustained BP elevation, age, and other confounding factors on gene expression, therefore increasing the likelihood that differential expression reflects relatively early pathogenic mechanisms in hypertension, rather than later responses to, or compensations for BP elevation. We compared transcript expression patterns of genes orthologous between the rat and the mouse, and presented candidate genes for hypertension that are differentially expressed in the same direction in SHR and BPH (ie, overexpressed in both SHR and BPH, or underexpressed in both SHR and BPH). Then we used a systems biology approach to analyze expression patterns in biochemical pathways and networks to isolate systems involved in hypertension pathology in both SHR and BPH. We found transcript pattern evidence for involvement of several systems in the pathology of hypertension in SHR and BPH: adrenal catecholamines and sympathetic function; steroid hormone synthesis, catabolism, and its contribution to enhanced glucocorticoid sensitivity in SHR; oxidative stress and its role as a common mechanism of vascular and end-organ injury; and intermediary metabolism with global but mechanistically different perturbations in SHR and BPH. Approximately 10% of the differentially expressed orthologous genes we studied shared a common direction of expression in the two hypertensive rodent strains, suggesting fundamental transcriptional mechanisms in common whereby mammals can elevate BP or respond to such elevation; even these shared orthologs spanned a diverse set of biological processes, reinforcing the multifactorial and complex nature of hypertension. Am J Hypertens 2005;18:633-652 
limited amount of research using microarrays and animal models of essential hypertension has been presented thus far. [3] [4] [5] [6] [7] [8] [9] We present a comparison of adrenal gland gene expression in two independent, inbred, homozygous rodent models of human essential hypertension: the spontaneously hypertensive rat (SHR) and the blood pressure high mouse (BPH).
The SHR, the current paradigm for essential hypertension research, was developed in a breeding program based solely on selection by elevated blood pressure (BP) in the Wistar rat. 10 The Wistar/Kyoto (WKY) strain was established as a normotensive control strain for the SHR by inbreeding of the normotensive Wistar colony (from which the SHR originally emerged) by brother/sister mating. 11 In addition to elevated BP, the SHR exhibits many of the co-morbidities observed in human hypertension, such as insulin resistance, hypertriglyceridemia, and abdominal obesity. [12] [13] [14] [15] The BPH inbred, hypertensive mouse strain, developed by Schlager 16 in a selection program based solely on elevated BP, also parallels human hypertension with elevated BP and co-morbidities such increased heart rate and early mortality. 17 During the breeding program used to develop the BPH strain, Schlager developed the hypotensive genetically/ hereditary low BP mouse (BPL) strain to serve as a control for the BPH. 16 Adrenal gland secretory products, both medullary and cortical, are logical candidates to study hypertension because they can directly influence cardiovascular, endocrine, and sympathetic function. The purpose of this study is to compare adrenal gene expression in two independent rodent models of the same human disease, with the goal of uncovering shared, common mechanisms of hypertension across mammalian species.
Methods

Rodent Strains
Three juvenile (ϳ4-week-old) SHR and three juvenile (ϳ4-week-old) normotensive WKY male rats were obtained from colonies at the University of California, San Diego, in La Jolla, CA. 18 Juvenile SHR are "prehypertensive" with a systolic BP (ϳ125 mm Hg at 6 weeks 19 ) slightly higher than juvenile WKY (ϳ107 mm Hg at 6 weeks 19 ) but still not completely elevated. Upon maturity, the SHR exhibits a systolic BP (ϳ200 mm Hg) approximately 70 mm Hg higher than that of WKY (ϳ130 mm Hg).
Three juvenile (ϳ5-week-old) BPH and three juvenile (ϳ5-week-old) BPL male mice were obtained from colonies at the Jackson Laboratory, Bar Harbor, ME. Juvenile BPH are prehypertensive with a systolic BP (ϳ120 mm Hg at 7 weeks 17 ), already somewhat higher than juvenile BPL (ϳ78 mm Hg at 7 weeks 17 ) but still not completely elevated. The divergence in systolic BP reaches its maximum at 21 weeks of age, when BPH shows a systolic BP (ϳ130 mm Hg) 17 approximately 60 mm Hg higher than that of BPL (ϳ70 mm Hg). 17 We chose juvenile animals (ϳ4 to 5 weeks old) because at that age, the SHR and BPH are prehypertensive-they
do not yet have maximal elevation of BP. The SHR and BPH models appear to experience the same degree of hypertension: with maturity of the SHR and BPH, systolic BPs diverge to a maximum of 70 mm Hg between SHR and its WKY control, and to a maximum of 60 mm Hg between the BPH and its BPL control. Studying prehypertensive animals allowed us to minimize the effect of confounding factors on gene expression, and therefore increase the odds of detecting pathogenic mechanisms of hypertension, while decreasing the chance of detecting consequential effects of BP elevation. However, the ϳ42 mm Hg (120 Ϫ 78 mm Hg) difference in systolic BP between BPH and BPL mice, and the ϳ18 mm Hg (125 Ϫ 107 mm Hg) difference between SHR and WKY rats, 19 indicate that we cannot completely exclude distinct responses to BP as determinants of differential gene expression between the strains, even at these early ages. 17, 19 Preparation of RNA Total RNA was extracted from isolated adrenal glands of the SHR and WKY rats, as well as the BPH and BPL mice, with the RNAzol (guanidinium thiocyanate) kit (TelTest, Friendswood, TX), followed by RNase-free DNase I (Qiagen, Valencia, CA) treatment to eliminate residual genomic DNA. Integrity of the RNA was confirmed through 28S and 18S rRNA profiles on Agilent (Palo Alto, CA) columns and ethidium bromide-stained gels (data not shown).
Microarray Analysis
Gene expression in the adrenal gland of each animal (n ϭ 3 SHR, n ϭ 3 WKY, n ϭ 3 BPH, n ϭ 3 BPL) was measured using standard Affymetrix protocols and Affymetrix (Santa Clara, CA) GeneChips, as previously described. 3 RG-U34A rat GeneChips were used for measurement of SHR and WKY gene expression, and MGU74Av2 mouse GeneChips were used to assay BPH and BPL gene expression. The rat RG-U34A chip contains 8740 probe sets (excluding quality controls) corresponding to all full-length, annotated rat gene clusters (ϳ6000) from the UniGene database (Build 34) as well as ϳ3000 expressed sequence tag (EST) clusters. The mouse MGU74Av2 chip contains 12,422 probe sets (excluding quality controls) corresponding to all functionally characterized sequences (ϳ6000) in the mouse UniGene database (Build 74) and thousands of EST clusters (ϳ6000). Tab-delimited text files of all chip spot features and probe design information are publicly available on the Affymetrix website: http://www.affymetrix.com.
We compared the expression patterns of all orthologous genes on the rat and mouse chips. Orthologs were derived from the HomoloGene and UniGene databases at the National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov). Orthologous probe set information can be downloaded from the Affymetrix website: http://www.affymetrix.com.
Real-time-polymerase chain reaction
A commonly used method, real-time-polymerase chain reaction (RT-PCR), to confirm microarray fidelity, was performed on SHR, WKY, BPH, and BPL adrenal mRNA with the SuperScript first-strand synthesis system (Invitrogen, Carlsbad, CA), an ABI-7700 (Applied Biosystems, Foster City, CA) thermal cycler and fluorescent plate reader, and the Amplifluor universal detection system (Serologicals Corporation; Norcross, GA), as previously described. 20 Data normalization was performed by quantification of the endogenous 18S rRNA, and final nanogram equivalents were determined with relative standard curve analysis (Applied Biosystems). Statistical significance was computed with a two-tailed Student t test.
SHR Cd36 Mutation
To detect the dysfunctional chimeric Cd36 gene in the SHR, we resequenced the gene and verified the presence of the previously published polymorphisms. 21 The rat Cd36 gene was resequenced in adrenal mRNA from 12-week-old SHR and WKY rats (three each). The RT-PCR was performed using PTC-200 DNA Engine thermal cyclers (MJ Research, Watertown, MA) using the Qiagen one-step RT-PCR kit and the following gene-specific primers: CD36F2, [226] 5=-CAAAAACTGGGTGAA-AACGGG-3= [246] ; and CD36B2, [912] 5=-TCAAAC-ACAGCATAGATGGACCTG-3= [889] . First strand cDNA was prepared from 500 ng of total RNA template by reverse transcription (using Omniscript and Sensiscript reverse transcriptases) at 54°C for 30 min, followed by PCR as described previously. 22 As a negative control, when RNA was pretreated with RNase A (Qiagen), no product in the RT-PCR assay was detected after gel electrophoresis. As a second negative control, no PCR product was obtained when water was taken instead of RNA samples in the reaction mixture. The RT-PCR products were then sequenced on ABI-3100 automated fluorescent DNA sequencer.
Data Analysis
Statistical analysis of the microarray data was performed with Cyber-T, 23 a bayesian probabilistic framework designed for microarray experiments without large numbers of replicates, as well as a standard t test. Probe sets were considered significantly differentially expressed at P Ͻ .05 for Cyber-T or t test to minimize false negatives and gain a broad perspective on biochemical systems perturbed in the hypertensive rodent strains.
All probe sets, regardless of statistical significance, were sorted into orthologous and functional clusters. The orthologous clusters consisted of two distinct groups: orthologs with common expression, and orthologs with unique expression. We define commonly expressed orthologs as being significantly differentially expressed in the same direction in both of the hypertensive rodent strains (ie, overexpressed in both SHR and BPH, or underexpressed in both SHR and BPH). Orthologs uniquely expressed exhibit one of the following patterns of expression: 1) overexpressed in BPH, underexpressed in SHR; 2) overexpressed in BPH, no change in SHR; 3) underexpressed in BPH, overexpressed in SHR; 4) underexpressed in BPH, no change in SHR; 5) no change in BPH, underexpressed in SHR; or 6) no change in BPH, overexpressed in SHR.
The following groups were chosen for functional clustering based on their known or purported role in BP control or hypertension: adrenergic receptors, apoptosis, catecholamines and sympathetic function (including chromogranins/secretogranins), cholinergic systems, inflammation (leukotriene and prostaglandin synthesis), intermediary metabolism, neurotrophins, other vasoconstrictor/vasodilator systems, oxidative stress, proteases, renin-angiotensin-aldosterone system, and steroid hormone biosynthesis/degradation and receptors.
Results
Microarray Statistical Results
Statistical analysis of the rat and mouse microarray experiments yielded similar percentages of probe sets differentially expressed by strain: 13.9% for SHR/WKY v 16.9% for BPH/BPL (Table 1) . In both experiments (ie, SHR/ WKY and BPH/BPL), about half of the differentially expressed probe sets were overexpressed and the other half were underexpressed (Table 1) .
The rat and mouse GeneChips contain probe sets for 5273 genes orthologous between the two species. Each chip contained a large portion of orthologous genes: 60.3% of the rat chip and 42.4% of the mouse chip. In both the SHR and BPH, about half of the differentially expressed orthologs were overexpressed and about half were underexpressed (Table 1) . Orthologs designated as commonly differentially expressed (ie, overexpressed in both BPH and SHR, or underexpressed in both BPH and SHR) comprised ϳ10% of the differentially expressed orthologs (Table 1 , Fig. 1 ). Approximately 90% of the orthologs differentially expressed in SHR or BPH were uniquely expressed (defined in Methods) ( Table 1 , Fig. 1 ).
Did the directional patterns of ortholog differential expression (Table 1) differ from those expected by chance alone? In the rat, for example, 11.4% of the differentially expressed orthologs (93/815) shared a common direction, whereas in the mouse this value was 9.2% (93/1012). The expectation of differential expression by chance alone might be stated: 1_ :11 2:12 1:1+, or 25%:25%: 25%:25%. Thus, directionally shared differential expression was observed to be substantially less than predicted under random conditions (in the rat, 2 ϭ 154, P Ͻ .0001; in the mouse, 2 ϭ 224, P Ͻ .0001). Therefore, such rat:mouse directional pairings appear to be a highly restricted subset of all differentially expressed genes.
RT-PCR: Verification of Microarray Fidelity
Relative expression (SHR versus WKY; BPH versus BPL) of a subset of genes (n ϭ 25) was verified with RT-PCR (data not shown), a commonly used technique to quantify relative gene expression. Microarray and RT-PCR results agreed over a large range of values. Linear regression analysis for RT-PCR-fold change versus chip-fold change yielded Pearson correlation coefficients of R ϭ 0.788 for the SHR/WKY experiment and R ϭ 0.739 for the BPH/ BPL experiment. Genes were picked from a spectrum of functional categories so as to generalize our results to all transcripts, rather than only a few particular systems.
Orthologous and Functional Clustering
Differentially expressed genes were sorted into orthologous and functional clusters. The cluster of differentially expressed orthologs included 41 probe sets overexpressed in both SHR and BPH (Table 2, Fig. 1 ) and 52 probe sets underexpressed in both SHR and BPH (Table 3 , Fig. 1 ). The actual number of genes overexpressed/underexpressed in common (28 overexpressed and 35 underexpressed) is less than the number of probe sets because of redundancy in probe sets (ie, two probe sets representing the same gene). Even the subset of differentially expressed orthologs with common directionality in the two species' genetically hypertensive models (Fig. 2) showed substantial heterogeneity in biological processes represented.
For the purposes of the current discussion, data for the following functional clusters are presented: catecholamines and sympathetic function (Fig. 3) , steroid hormone biosynthesis/degradation and receptors (Fig. 4) , oxidative stress (Table 4) , and intermediary metabolism (Fig. 5) . (See Supplementary Tables 1 and 2 online.)
Discussion
Microarray Statistical Results
The mouse GeneChip contains 3682 more probe sets than the rat GeneChip, yet both chips showed approximately the same percentage of differentially expressed genes: 16.9% of the mouse chip and 13.9% of the rat chip (Table 1) . Such widespread differential gene expression in two independent models of the same human disease reinforces the complex and polygenic nature of hypertension, especially because ϳ66% of the differentially expressed genes exhibit subtle changes between Ϫtwofold underexpressed and ϩtwofold
FIG. 1.
Distribution of significantly differentially expressed orthologs in SHR and BPH. The graph displays the percent of significantly (P Ͻ .05) differentially expressed orthologs stratified by ortholog classification (common versus unique; defined in Methods section) and direction of expression (overexpressed versus underexpressed). Approximately 10% of the significantly differentially expressed orthologs show a "common" direction of expression, ie, overexpressed in both SHR and BPH or underexpressed in both SHR and BPH. Conversely, ϳ90% of the significantly differentially expressed orthologs lack the same direction of expression in SHR and BPH (ie, show "unique" expression). The number of significantly differentially expressed genes for the rat (SHR, WKY) and the mouse (BPH, BPL) is shown. "Common" expressed orthologs are differentially expressed in the same direction in SHR and BPH; ie, overexpressed in both SHR and BPH, or underexpressed in both SHR and BPH. "Unique" expressed orthologs can show six types of expression patterns (described in the Methods section). Probe sets were considered significantly differentially expressed if they achieved P Ͻ. 05 by Cyber-T or by t test. 
ADRENAL GLAND IN RODENT MODELS OF GENETIC HYPERTENSION
overexpressed (data not shown). Furthermore, in the SHR and BPH, genetic linkage analyses have estimated that only a few major loci play a role in the pathogenesis of hypertension (at least three in SHR, 24, 25 and four to five in BPH 26 ). Therefore, much of the differential gene expression we noted is likely to reflect responses to these few major BP-determining genes. In addition, allelic variation at other loci could produce gene expression differences entirely unrelated to BP. In both species, the number of differentially expressed genes is approximately divided in half between overexpressed and underexpressed (Table 1) , perhaps reflecting a complex response of activation and depression of both pressor and depressor mechanisms in hypertension.
Orthologous Clusters
We compared expression of orthologs on the rat and mouse chips to probe the possibility of shared or even universal genetic mechanisms of hypertension across mammalian species. Intriguingly, just 10% of the differentially expressed orthologs showed common directional patterns of expression (ie, overexpressed in both SHR and BPH, or underexpressed in both SHR and BPH) ( Table 1 , Fig. 1 ). The set of orthologs with common patterns of expression may represent conserved mammalian mechanisms of generation of, or response to hypertension, and therefore may be particularly relevant to the study of human essential hypertension. It is also possible that genes with common patterns of expression might not be related to the hypertensive trait, and could reflect genetic drift (with subsequent fixation by strain inbreeding to homozygosity) or random chance. Even the subset of differentially expressed orthologs with common directionality in the two species' hypertensive models showed substantial herterogeneity of biological processes (Fig. 2) .
Conversely, ϳ90% of the differentially expressed orthologs exhibited unique expression patterns in SHR and BPH (defined in Methods). Initially, the gross lack of rat/mouse agreement in expression patterns of orthologs appeared to cast doubt on the relevance of applying knowledge of either model to human treatment. If two closely related rodents, both selected for the same trait and inbred to homozygosity, showed ϳ90% discordance in differential expression of their adrenal transcriptomes, how relevant are they to human essential hypertension? In fact, the difference in expression of orthologs between the two strains may simply be a reflection of how different organisms respond to similar stress, or a reflection of strain polymorphisms not related to BP. Because much of the differential expression in orthologs could reflect responses to hypertension or genotypes unrelated to hypertension, it is perhaps not surprising that two independent hypertensive models would exhibit substantial differences in patterns of gene expression, especially when considering the substantial interspecific (rat/mouse) differences in factors such as size, weight, lifespan, and the presence of other Genes listed have an ortholog in the rat and mouse and have significantly (P Ͻ .05) underexpressed (SHR Ͻ WKY and BPH Ͻ BPL) probe sets in both the rat and mouse microarray experiments. Affymetrix rat probe set ID (column 1), Affymetrix mouse probe set ID (column 2), orthologous gene name (column 3), orthologous gene symbol (column 4), rat fold change (SHR fluorescence/WKY fluorescence) (column 5), and mouse fold change (BPH fluorescence/BPL fluorescence) (column 6) are shown. In several orthologs, the gene name or gene symbol differs between the rat and mouse; the two different names/symbols are separated by a semicolon. Genes were placed into general functional categories based on current knowledge about the function of the gene products.
disease states (such as the metabolic syndrome in the SHR). Many of the orthologs differentially expressed in common between SHR and BPH are intriguing candidate genes for hypertension pathogenesis (Tables 2 and 3 ). Evidence is increasing that supports the role of inflammation in pathogenesis and consequences of many cardiovascular diseases, including hypertension. The CCAAT/ enhancer-binding protein (Cebpb) (1.25-fold overexpressed in SHR; 1.52-fold overexpressed in BPH) codes for a transcription factor responsive to interleukin 6, and may serve as a control point for widespread, global changes in the inflammatory cascade. The complement component 1, q subcomponent, ␤ polypeptide (C1qb) (0.47-fold underexpressed in SHR; 0.57-fold underexpressed in BPH) is the first and major component of the complement cascade, an important mechanism in inflammation. Mutations in Cebpb and C1qb could have profound consequences on inflammatory processes in SHR and BPH.
Many metabolic abnormalities often accompany hypertension in a disorder called the metabolic syndrome, or syndrome X.
2 Hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase (Hmgcr) is the rate-limiting enzyme in cholesterol biosynthesis and target of the statin drugs in humans. 27 Its coordinate differential overexpression in two rodent models of genetic hypertension (2.56-fold overexpressed in SHR; 3.11-fold overexpressed in BPH) suggests the possibility that its overexpression might be a systematic facet of hereditary hypertension in mammals, perhaps even contributing to the diverse metabolic abnormalities associated with the human disease state. Underexpression of HMG-CoA lyase (Hmgcl) in both hypertensive strains (0.74-fold underexpressed in SHR; 0.59-fold underexpressed in BPH) might increase the substrate availability of HMG-CoA to Hmgcr, perhaps magnifying the effect of Hmgcr excess to increase cholesterol biosynthesis.
Cholesterol is the precursor of glucocorticoid steroid hormones that play a profound but still incompletely understood role in BP homeostasis and hypertension in humans and rodents. 28 -33 Abnormalities in the glucocorticoid receptor have been proposed as a cause of glucocorticoid dependence in hypertension. 34, 35 The heatshock 70-kD protein 1a gene (Hspa1a), which encodes a protein with a crucial role in glucocorticoid receptor activation, is overexpressed 3.01-fold in SHR and 5.08-fold in BPH. Aberrant Hspa1a function may contribute to the glucocorticoid dependence of hypertension. Its differential expression has been implicated previously in hypertension. 36 Another metabolic abnormality observed in hypertension is dyslipidemia. The SHR and BPH underexpressed hormone-sensitive lipase (Lipe) by 0.61-fold and 0.41-fold, respectively. Lipe catalyzes the rate-limiting step in lipolysis of stored triglycerides to form free fatty acids, an important source of energy in mammals. Lipe is regulated by catecholamines and hormones (eg, insulin). The consistent alterations of Lipe observed here may thus contribute to metabolic and homeostatic abnormalities in hypertension common to mammalian species.
Enhanced oxidative stress is another mechanism rapidly gaining support as both a pathogenic and an endorgan damaging mechanism in hypertension. The decreased ability of superoxide dismutase to scavenge the free radical superoxide (O 2 Ϫ ) in hypertensives has previously been reported. [37] [38] [39] [40] [41] [42] [43] Superoxide dismutase 3 (Sod3) is underexpressed 0.60-fold in SHR and 0.68-fold in BPH. Such consistent underexpression may represent a fundamental susceptibility of genetic hypertension to vascular and organ damage.
To identify common mechanisms causing or responding to genetic hypertension in mammalian species, we determined the orthologous genes differentially expressed in the same direction in SHR and BPH (Tables 2 and 3) . Even within this focused and specific set of orthologous genes, the multifactorial and systemic nature of hypertension is apparent in the classification of the orthologs into diverse functional groups (Fig. 2, Tables 2 and 3 ).
Catecholamines and Sympathetic Function
Analysis of catecholamine biosynthetic gene expression suggests fundamentally different patterns in the two models of genetic hypertension, with depressed synthesis of catecholamines likely in SHR, but enhanced synthesis in BPH (Fig. 3) . Tyrosine hydroxylase, which catalyzes the rate-limiting step of catecholamine biosynthesis, is not differentially expressed in SHR but is overexpressed 1.61-fold in BPH. GTP cyclohydrolase 1 (Gch), the rate-limiting enzyme in synthesis of the essential cofactor of tyrosine hydroxylase (tetrahydrobiopterin), is not differen- tially expressed in SHR but is overexpressed 1.68-fold in BPH. In contrast, the SHR underexpressed dopamine ␤ hydroxylase (Dbh) and phenylethanolamine-N-methyltransferase (Pnmt) 0.39-fold and 0.67-fold, respectively (Fig. 3) . The mouse chip did not contain a probe set for Dbh, but the BPH overexpressed Pnmt 2.11-fold. Other investigators have observed decreased Dbh activity in the SHR. 44 Transport of dopamine and monoamines into secretory vesicles is mediated by Slc18a1 and Slc18a2, also known
FIG. 3. Catecholamines and sympathetic function in SHR and BPH.
Gene expression of the catecholamine biosynthetic and target (receptor) pathway is shown in the SHR hypertensive rat strain (A) and BPH hypertensive mouse strain (B). Red indicates an overexpressed gene, blue indicates an underexpressed gene, white indicates no data (ie, no probe on chip), and gray indicates lack of statistical significance. The bold number listed next to significantly (P Ͻ .05) differentially expressed genes is the fold change (BPH/BPL or SHR/ WKY). Abbreviations: 6-pt ϭ 6-pyruvoyl-tetrahydropterin; 7,8-dtp ϭ 7,8-dihydroneopterin triphosphate; Adra1a ϭ adrenergic receptor, alpha 1a; Adra1b ϭ adrenergic receptor, alpha 1b; Adra2a ϭ adrenergic receptor, alpha 2a; Adra2b ϭ adrenergic receptor, alpha 2b; Adra2c ϭ adrenergic receptor, alpha 2c; Adrb1 ϭ adrenergic receptor, beta 1; Adrb2 ϭ adrenergic receptor, beta 2; Adrb3 ϭ adrenergic receptor, beta 3; BH 4 ϭ tetrahydrobiopterin; Chga ϭ chromogranin A; Chgb ϭ chromogranin B; Comt ϭ catechol-Omethyltransferase; Drd1a ϭ dopamine receptor 1a; Drd2 ϭ dopamine receptor 2; Drd3 ϭ dopamine receptor 3; Drd4 ϭ dopamine receptor 4; Gch ϭ GTP cyclohydrolase 1; GTP ϭ guanosine triphosphate; Maoa ϭ monoamine oxidase A; Maob ϭ monoamine oxidase B; Pts ϭ 6-pyruvoyl-tetrahydrobiopterin synthase; Scg2 ϭ sececretogranin II; Scg3 ϭ secretogranin III; Sgne1 ϭ secretory granule neuroendocrine protein 1; Slc6a2 ϭ solute carrier family 6 (neurotransmitter transporter, noradrenalin), member 2; Slc6a3 ϭ solute carrier family 6 (neurotransmitter transporter, dopamine), member 3; Slc18a1 ϭ solute carrier family 18 (vesiclular monoamine transporter) member 1; Slc18a2 ϭ solute carrier family 18 (vesicular monoamine transporter) member 2; Spr ϭ sepiapterin reductase; Sult1a1 ϭ sulfotransferase family 1A, phenol-preferring, member 1; Sult1a2 ϭ sulfotransferase family 1A, member 2; Vgf ϭ VGF nerve growth factor-inducible.
FIG. 4. Steroid hormone biosynthesis/degradation and receptors.
Gene expression of steroid hormone biosynthetic enzymes and receptors is shown for SHR (A) and BPH (B). Red indicates an overexpressed gene, blue indicates an underexpressed gene, white indicates no data (ie. no probe on chip), and gray indicates lack of statistical significance. The bold number listed next to significantly (P Ͻ .05) differentially expressed genes is the fold change (SHR/ WKY or BPH/BPL). Abbreviations: Akr1c1 ϭ aldo-keto reductase family 1, member c1 (20-alpha-hydroxysteroid dehydrogenase); Akr1c2 ϭ aldo-keto reductase family 1, member c2 (3-alpha-hydroxysteroid dehydrogenase); Akr1c6 ϭ aldo-keto reductase family 1, member C6; Akr1c13 ϭ aldo-keto reductase family 1, member C13; Akr1c21 ϭ aldo-keto reductase family 1, member C21; Ar ϭ androgen receptor; Cyp7a1 ϭ cytochrome P450, 7a1; Cyp11a ϭ cytochrome P450, subfamily 11a; Cyp11b1 ϭ cytochrome P450, subfamily 11b, polypeptide 1; Cyp11b2 ϭ cytochrome P450, subfamily 11b, polypeptide 2; Cyp17a1 ϭ cytochrome P450, subfamily 17a; Cyp19a1 ϭ cytochrome P450, family 19, subfamily a, polypeptide 1; Cyp21 ϭ cytochrome P450, subfamily 21a; Esr1 ϭ estrogen receptor 1; Esr2 ϭ estrogen receptor 2; Esrra ϭ estrogen-related receptor ␣; Esrrb ϭ estrogen-related receptor ␤; Hsd3b ϭ hydroxysteroid dehydrogenase, deltaϽ5Ͼ-3-␤; Hsd11b1 ϭ hydroxysteroid 11-␤ dehydrogenase 1; Hsd11b2 ϭ hydroxysteroid 11-␤ dehydrogenase 2; Hsd17b ϭ hydroxysteroid 17-␤ dehydrogenase; Nr3c1 ϭ nuclear receptor subfamily 3 group C member 1 (glucocorticoid receptor); Nr3c2 ϭ nuclear receptor subfamily 3 group C member 2 (mineralocorticoid receptor); Pgr ϭ progesterone receptor; Ste ϭ sulfotransferase, estrogen preferring; Sth2 ϭ sulfotransferase, hydroxysteroid preferring 2; Sult1b1 ϭ sulfotransferase family 1B, member 1; Sult2b1 ϭ sulfotransferase family, cytosolic, 2B, member 1; Sult4a1 ϭ sulfotransferase family 4A, member 1. 45, 46 and have roles in vesiculogenesis and regulation of catecholamine secretion. 47 The SHR exhibits no differential expression of chromogranin A (Chga) and chromogranin B (Chgb), but 0.67-fold underexpression of secretogranin 2 (Scg2) (Fig. 3) . The overexpression of chromogranin A (Chga), chromogranin B (Chgb), and secretogranin 2 (Scg2), 1.53-fold, 1.87-fold, and 2.12-fold (Fig. 3) , respectively, in BPH further supports enhanced catecholamine storage in BPH. An increase in catecholamine synthesis would tend to increase the steady-state level of catecholamines, perhaps eventuating in an increase in the number or size of vesicles.
Expression patterns of catecholamine degradation enzymes are inconsistent in SHR but suggest decreased catecholamine degradation in BPH. Catechol-O-methyltransferase (Comt), the initial enzyme responsible for catecholamine degradation upon reuptake from the synapse, is overexpressed 37.39-fold in SHR (Fig. 3) , which is actually the largest fold change observed in SHR. Such large fold changes may indicate major quantitative or even qualitative gene mutations that could have profound effects in other organs. In contrast, SHR exhibits underexpression of two other enzymes with catecholamine degradation function: monoamine oxidase B (Maob, 0.52-fold underexpressed) and sulfotransferase family 1a, member 1 (Sult1a1, 0.53-fold underexpressed) (Fig. 3) . Comt is underexpressed 0.68-fold in BPH (Fig. 3) , which may exaggerate the prohypertensive effects of enhanced catecholamine biosynthesis by increasing steady-state levels of catecholamines.
Overall, gene expression patterns suggest that that SHR has depressed catecholamine production and that BPH might suffer from increased catecholamine action. The effect of decreased adrenal catecholamine biosynthetic enzyme transcripts in SHR is not completely understood, but may serve as a compensatory mechanism for high BP. An overproduction of adrenal catecholamines in BPH would likely contribute to BP elevation in the strain. Changes in expression of catecholamine biosynthetic genes, however, could have unpredictable and counterintuitive effects in tissues other than the adrenal gland, such as the brain. Nonetheless, aberrant (albeit discordant) adrenal catecholamine production may underlie hypertensive pathology in both SHR and BPH. indicates that there is no data because a probe set for the corresponding gene did not exist on the GeneChip. The symbol "N/A" indicates that the fold change is not reported because the gene is not significantly differentially expressed for the particular species (ie, rat or mouse) it is listed under. Statistically significant fold changes (P Ͻ .05) are shown in bold type.
Steroid Hormone Biosynthesis/ Degradation and Receptors
Hypertension in the SHR may be glucocorticoid dependent. 28 -32 A trait that is also observed in human essential hypertensives 33 but unexplored in BPH. The glucocorticoid dependence of the SHR appears to hinge on an enhanced sensitivity to rather than an increase in circulating levels of the hormone, with an enhanced level of glucocorticoid receptors in peripheral tissue. 34 We examined adrenal steroid hormone biosynthetic pathways in SHR and BPH for glucocorticoid abnormalities (Fig. 4) . The steroid hormone pathways we investigated are based on human metabolism because steroid synthesis pathways in rodents are not as well understood as in humans. A crucial distinction to make for this discussion is that the most abundant active glucocorticoid is corticosterone in rodents and cortisol in humans.
An important observation in the steroid synthesis by SHR is underexpression of cytochrome P450, subfamily 11, polypeptide 2 (Cyp11b2) (commonly known as aldosterone synthase) 0.57-fold (Fig. 4) . Cyp11b2 converts corticosterone (the primary glucocorticoid) to aldosterone (the primary mineralocorticoid). Underexpression of Cyp11b2 could lead to corticosterone excess or aldosterone deficiency. Furthermore, the mineralocorticoid receptor (Nr3c2) can bind both glucocorticoids and mineralocorticoids. Receptor-binding specificity is conferred by hydroxysteroid dehydrogenase 11 ␤ 2 (Hsd11b2), the enzyme that protects the receptor from glucocorticoid activation by degrading glucocorticoids to inactive metabolites. 48 In what may be a compensatory mechanism for excess glucocorticoid activity, the SHR overexpressed the gene coding for Hsd11b2 by 1.40-fold.
Patterns of expression of SHR steroid degradation enzymes suggest an increase in progesterone catabolism. Aldo-keto reductase family 1, member c1 (Akr1c1) and aldo-keto reductase family 1, member c2 (Akr1c2) code for enzymes that specifically degrade progesterone 49 -51 (Akr1c2 can also degrade androstenedione and dihydrotestosterone), and are overexpressed in SHR 15.23-fold (the second largest fold change in SHR) and 3.50-fold, respectively. The large increase in expression of progesterone degradation enzymes has at least three possible implications for glucocorticoid activity in SHR. 1) Because progesterone is a precursor of corticosterone, degradation of progesterone may be a compensatory mechanism to reduce excessive glucocorticoid levels or activity, a theory supported by enhanced Hsd11b2 activity and decreased Cyp11b2 activity; 2) progesterone has been shown to have anti-glucocorticoid effects in vitro 52, 53 and in vivo 54 ; mutations that lead to abnormally high rates of progesterone degradation could be a facet of the enhanced sensitivity of SHR to glucocorticoids; and 3) previous studies have shown that progesterone can bind to the glucocorticoid receptor with high affinity in vitro, and induce nuclear translocation and binding of the receptor complex. 55 If, in the SHR, progesterone exerts a higher than normal proportion of its genomic actions through the glucocorticoid receptor, we may predict overactivity of glucocorticoid receptor signaling in effector tissues. Interestingly, we have previously observed overexpression of the glucocorticoid receptor in the microcirculation of the SHR.
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Oxidative Stress
Glucocorticoids are also implicated in hypertension as a trigger of increased reactive oxygen species (ROS) and therefore oxidative stress. Increased levels of ROS are detectable in the circulation in both human 56, 57 and rodent hypertension, 58 -61 and glucocorticoids can induce expression of xanthine oxidase (a source of superoxide) in the kidney 62 and increase oxidative stress in the microvasculature. 63 At this point, the specific role of glucocorticoids in production of ROS is unclear, but strong evidence is emerging in support of oxidative stress as a pathologic mechanism of microvascular damage and end-organ injury in hypertension. 35 The oxidative stress observed in hypertensives can be attributable to an increase in ROS production, a decrease in ROS scavenging, or a combination of both.
ROS Production
Under normal conditions, the most abundant source of ROS within cells is the electron transfer processes of the mitochondria. 64 Other ROS sources include the cytochrome P450 electron transferring enzyme systems, 65, 66 as well as xanthine oxidase and NADPH oxidase, two important superoxide-producing enzyme systems [67] [68] [69] implicated in hypertension, 70 -76 which are expressed in almost all cells of the microcirculation. 77 The SHR and BPH show global perturbations in expression of the electron transport chain of the mitochon- Table 1) , an observation discussed later (see subheading Intermediary Metabolism) that is perhaps more relevant to intermediary metabolic function than to production of ROS. Twenty-two cytochrome P450 genes are differentially expressed in SHR and BPH: some genes are upregulated and some downregulated (Supplementary Table 2 ). Analysis of expression of these cytochrome P450 genes at the transcript level does not provide strong evidence for or against the role of the genes in ROS production.
dria (Supplementary
The NADPH oxidase system is best known for its role in superoxide production as part of the bactericidal mechanism of neutrophils and other phagocytic cells. Recent evidence has shown that NADPH oxidase activity mediates endothelial dysfunction in hypertension 70 and that the enzyme activity is elevated in the kidney of hypertensives. 72 Proteins of the NADPH oxidase complex are coded for by seven genes: Cyba, Cybb, Ncf1, Ncf2, Ncf4, Rac1 (in macrophages), and Rac2 (in neutrophils). Genes of the NADPH oxidase system are not differentially expressed in either SHR or BPH, but many of the genes are not represented on the rat microarray (Table 4) .
Xanthine oxidase, coded by the gene xanthine dehydrogenase (Xdh), is a source of superoxide, and elevated activity of the enzyme is implicated in hypertension. 74 -76 Endothelial cells of the microvasculature, but not those in larger vessels, are a major source of xanthine oxidase in the body. 78 The SHR underexpressed Xdh 0.49-fold, whereas BPH overexpressed Xdh 1.48-fold. If the majority of the Xdh activity occurs within the endothelial cells of the microvasculature; homogenates of the entire adrenal glands may not be ideal for measuring xanthine oxidase activity. Nonetheless, our data suggest opposing roles of xanthine oxidase as a source of oxidative stress in SHR and BPH.
ROS Scavenging
Defense against ROS includes a multitude of enzymes: catalase (Cat), which specifically attacks hydrogen peroxide (H 2 O 2 ), superoxide dismutase (Sod), which targets superoxide (O 2 Ϫ ), and the glutathione, paraoxonase, peroxiredoxin, and thioredoxin defense systems that protect against a variety of ROS. A consistent pattern of overexpression or underexpression does not exist in the ROS defense systems of SHR and BPH, as some of the genes are upregulated and others are downregulated (Table 4) . The global perturbations in the ROS enzyme defense systems do, however, suggest that the adrenal glands of both SHR and BPH are subjected to enhanced oxidative stress. Previous studies suggest that hypertensive organisms may suffer from an impaired ability to scavenge ROS and thus protect against increases in oxidative stress. The SHR, for example, has reduced mRNA levels as well as reduced enzyme activity of superoxide dismutase (Sod) in many but not all tissues. [37] [38] [39] [40] [41] [42] [43] Superoxide dismutase 3 (Sod3) is one of the orthologous genes commonly underexpressed in both SHR (0.60-fold) and BPH (0.68-fold), and may thus be the source of a fundamental defect of hypertensives to effectively scavenge ROS.
Export of Detoxified ROS From Cell
Reactive oxygen species that are detoxified by the cellular defense mechanisms are exported from the cell through a variety of transport proteins, such as the multidrug resistance proteins, also known as the ATP-binding cassettes. Neither the SHR nor the BPH show consistent patterns of differential expression of the ATP-binding cassette genes.
Although vasoconstriction (with increased arteriolar tone) does increase BP, an increase in arterial pressure per se may not be entirely sufficient to account for the vascular lesions and end-organ injury observed in hypertension. 35 The observation of global perturbations (Table 4) in gene expression patterns of the oxidative stress defense systems in two independent models of human essential hypertension (ie, SHR and BPH) further suggests that oxidative stress is a common mammalian mechanism activated in hereditary hypertension, and likely contributes to vascular and end-organ injury in this setting. Investigation into such heretofore unexplained links between ROS, glucocorticoids, and microvascular damage is likely to provide novel insights into both the pathogenesis and consequences of hypertension.
Intermediary Metabolism
Hypertension in humans is often observed as part of a condition known as the cardiovascular dysmetabolic syndrome, or syndrome X. In addition to increased BP, the metabolic syndrome is characterized by a variety of risk factors, such as central obesity, dyslipidemia, dysglycemia, insulin resistance, and elevated levels of the circulating inflammatory mediator C-reactive protein, which are risk factors for cardiovascular disease and type 2 diabetes. We investigated intermediary metabolism transcripts of the SHR and BPH and observed widespread derangements in metabolic gene expression patterns (Fig. 5, Supplementary Tables 1 and 3 ), suggesting that the SHR and BPH strains sustain rather global metabolic abnormalities in addition to increased BP. In fact, abnormalities of the intermediary metabolism of the SHR are well known 21 and the strain also serves as a model of the metabolic syndrome. The metabolism of BPH has yet to be investigated in great detail.
The SHR shows derangements in expression of genes involved in fatty acid degradation and synthesis, gluconeogenesis, glycolysis, and the tricarboxylic acid (TCA) cycle (Supplementary Tables 1 and 3) . Genes involved in the electron transport chain, fatty acid degradation and synthesis, glycolysis, gluconeogensis, and the TCA cycle are almost globally underexpressed in BPH (Supplementary Tables 1 and 3 ). In general, the entire gene network of the intermediary metabolism of the BPH is underexpressed, whereas the gene network of the SHR is globally differentially expressed, but not uniform in direction of expression. The very different perturbation patterns in intermediary metabolism of SHR and BPH suggest that, although each strain suffers from metabolic abnormalities, the mouse BPH strain has sustained a more unidirectional alteration of such functions.
Because the SHR and BPH models of human hypertension are oligogenic, involving about three to five major loci cosegregating with BP, 24 -26 the widespread metabolic transcript changes we observed are likely to be downstream effects resulting from a few primary genetic causes. A candidate for one of these primary genetic defects is 3-hydroxy-3-methylglutaryl-coenzyme A reductase, an ortholog overexpressed in common by the SHR and BPH (Hmgcr; Table 2 ). Hmgcr is the rate-limiting enzyme in cholesterol biosythesis and also the target of the statin drugs in dyslipidemic humans. 27 Alterations in expression of this crucial "bottleneck" enzyme could serve as a primary genetic defect that disrupts many facets of the intermediary metabolism of SHR and BPH. In that case, then, the metabolic differential gene expression patterns in SHR and BPH might reflect the ways in which the two organisms respond to the same primary stress.
A previous study by Aitman et al 21 marshaled data from transcript expression microarrays, congenic strain mapping, and radiation hybrid mapping to identify a mutation in the Cd36 gene, a fatty acid transporter, that may account for one of the defective glucose and fatty acid metabolism, hypertriglyceridemia, and hypertension quantitative trait loci (QTLs) on SHR chromosome 4. A genomic deletion event is thought to result in a chimeric Cd36 gene that encodes a dysfunctional protein undetectable in SHR adipocyte plasma membranes. 21 The global gene expression derangements that we observe in the SHR metabolism might, in part, result from this primary defect in Cd36, and the defect could also partially explain the differences we observe in metabolic expression patterns between SHR and BPH. It is unknown whether the BPH genome contains a defective copy of the Cd36 gene. Another study 79 showed that the Cd36 mutation is not present in the original SHR colony developed by Okamoto in Japan, indicating that the mutation did not play a role in the selection for high BP in the SHR, nor the insulin resistance observed in the original stock. The SHR strain we used 18 did harbor the Cd36 mutation. The fact that the SHR and BPH animals suffer from metabolic maladies although the two strains were selected solely on the basis of BP indicates a clear, yet unresolved link between metabolic abnormalities and increases in BP. The question is unresolved as to whether metabolic abnormalities arise from or contribute to the BP elevation in the hypertensive strain.
Conclusion
The SHR rat strain and BPH mouse strain are two independent genetic models of human essential hypertension. Because a diverse set of potential mechanisms can lead to development of hypertension in humans, it is unlikely a priori that elevation of BP in the SHR and BPH results from precisely the same mechanisms. The question arises then as to which hypertensive rodent strain is more appropriate as a model of human essential hypertension.
The SHR and BPH strains have each reached more than 50 generations of inbreeding and, in the case of the SHR, different stocks of the strain exist in institutions throughout the world. The existence of multiple colonies and such extensive inbreeding may lead to mutations that did not contribute to the hypertensive phenotype during the selection process. At least one such mutation exists in SHR. A mutation in the Cd36 gene of the SHR leads to undetectable protein levels of the transcribed gene and has been proposed as a cause of insulin resistance, defective fatty acid metabolism, and hypertriglyceridemia in the SHR, 21 yet the mutation does not exist in all substrains of SHR, including the original stock developed in Japan. 79 Mutations in Cd36 have not been well investigated in BPH; Cd36 mRNA is well expressed in the BPH (Supplementary Table 3) .
We found 1217 genes differentially expressed in SHR (13.9% of the microarray) and 2108 genes differentially expressed in BPH (16.9% of the microarray), yet genetic analyses have estimated that only about three major loci contribute to hypertension in SHR, 24, 25 whereas about four or five major loci contribute to hypertension in BPH. 26 Clearly, then, much if not most of the differential gene expression observed here must be secondary to or compensating for a much smaller number of primary genetic defects. It is also likely that a subset of differentially expressed genes exists that results from polymorphisms or interspecies and interstrain differences unrelated to hypertension. Our current technique cannot distinguish between differentially expressed genes resulting from hypertension and those resulting from interspecies and interstrain differences not related to hypertension. Furthermore, the microarrays we used contain probe sets for only several thousand genes each and therefore provide limited views of the rat and mouse genomes, which likely harbor up to ϳ25,000 genes each (estimate from the Ensembl project, www.ensembl.org). Microarray analyses of the entire rat and mouse genomes would likely produce hundreds if not thousands of additional differentially expressed genes.
Because the SHR exhibits several phenotypes of the metabolic syndrome and the BPH may also suffer from similar metabolic abnormalities, altered gene expression in the SHR and BPH may be affected by or causative of metabolic abnormalities in addition to hypertension. The vast number of differentially expressed genes and the presence of other associated or confounding phenotypes clearly make it difficult to identify the primary genetic defects in hypertension, based solely on microarray studies. The small number of genes that cause hypertension in SHR and BPH may or may not lie in our dataset of differentially expressed genes, depending on whether the underlying mutations confer quantitative or qualitative changes in gene expression. Nonetheless, our strategy to compare differentially, commonly expressed orthologs may be key to determining shared, fundamental gene expression mechanisms across mammalian species, and, therefore, may be particularly relevant to the study of human essential hypertension.
Our dataset of differentially expressed orthologs unshared in ϳ90% of cases by SHR and BPH (Table 1) shows that the same selection paradigm in two different inbred, homozygous rodent species creates patterns of gene expression that are fundamentally and quantitatively different. If such differences exist even among homogeneous rodent strains, the genetic determinants of human hypertension may be even more complex and daunting than we imagined.
We present a set of orthologous differentially expressed genes in the rat and mouse, ϳ10% of which that may serve as common genetic contributors or responses to hypertension in mammalian species (Tables 2 and 3 ). Even this limited subset of shared orthologs spanned a diverse range of biological processes, reinforcing the picture of biological complexity in genetic models of hypertension (Fig. 2) . Further investigation into this set of shared orthologous genes would be required to elucidate whether they are centrally involved in the development of hypertension in the rat SHR and mouse BPH strains.
We also present patterns of gene expression data that implicate several systems in the pathology of hypertension in the SHR and BPH strains: adrenal catecholamine synthesis appears depressed in SHR and enhanced in BPH (Fig. 3) ; abnormalities in glucocorticoid synthesis and progesterone catabolism provide clues to the unresolved glucocorticoid dependence of hypertension in the SHR strain (Fig. 4) ; global perturbations in the ROS defense systems in both SHR and BPH suggest that oxidative stress is a common mechanism for vascular and end-organ damage in hypertension (Table 4) ; and global differential gene expression patterns of the intermediary metabolism of SHR and BPH suggest that both strains suffer from metabolic abnormalities that may differ mechanistically (Fig. 5) . Further investigation into our observations may provide novel clues to genetic mechanisms of hypertension in the SHR and BPH strains, and help pinpoint common mechanisms conserved across mammalian species.
